ABSTRACT A commercial-simulator-based numerical-analysis methodology for 4H-SiC power devices formed on misoriented (0001) substrates is proposed and applied for analyzing avalanche breakdown of floating-field-ring-terminated p-n diodes. Due to the inexpedience of a fixed orientation of the (0001) surface in current commercial device simulators, 4H-SiC (0001) surface is etched to form a miscut to separate the known effects of asymmetric nature of impact ionization and asymmetric aluminum concentration contours. 2-D process simulation of etching a 4H-SiC (0001) surface to expose a sloped surface, patterning the sloped surface with a mask, vertically implanting aluminum ions into the masked surface, removing the mask, and forming electrodes and a SiO 2 passivation film was carried out. This process simulation revealed asymmetric lateral straggling of implanted aluminum acceptors. The subsequent device simulation, which assumed fixed charge at the SiO 2 /4H-SiC interface, revealed asymmetric avalanche breakdown voltage in the misoriented direction and the opposite direction. This asymmetric breakdown qualitatively explains the previously reported nonuniform luminescence at breakdown. The proposed methodology is considered to be applicable to other power devices with other termination structures formed on misoriented 4H-SiC (0001) substrates.
I. INTRODUCTION
4H-SILICON carbide (SiC) is an attractive material for high-voltage semiconductor applications because its critical electric field is ten times larger than that of silicon [1] . The ideal breakdown voltage of 4H-SiC can only be achieved with proper edge termination for reducing electric-field crowding at the corner of the p + /n junction. So far, floatingfield rings (FFRs) and a junction-termination extension (JTE) have been widely used as edge-termination structures [1] . Since boron is known to result in acceptor loss near the surface [2] , aluminum is mainly used as an acceptor in 4H-SiC [3] . Due to the extremely low diffusivity of aluminum, however, accurate concentration profiles of as-implanted aluminum are needed for properly designing these edge-termination structures.
Although a two-dimensional analytical model was proposed for moderate aluminum doses, namely, up to 10 13 cm −2 [4] , the model cannot be directly applied to the design of FFRs; namely, FFRs require a dose exceeding 10 14 cm −2 , since they are often formed simultaneously with the p-type-anode area. The analytical model cannot be applied to the recently proposed JTE structures, i.e., multiplefloating-zone JTE [5] and space-modulated JTE [6] , both of which required an aluminum dose up to 3 × 10 13 cm −2 , either. Technology computer-aided design (TCAD) is thus considered to be an indispensable tool.
Furthermore, 4H-SiC substrates are usually misoriented from (0001) toward the [1120] direction to achieve stepflow epitaxial growth [7] . To the authors' knowledge, however, the two major suppliers of TCAD tools, i.e., Synopsys [8] and Silvaco [9] , do not provide a device simulator that allows a 4H-SiC surface orientation other than (0001). In this study, p-n diodes and FFRs are taken, respectively, as examples of power devices and termination structures. Avalanche breakdown of FFR-terminated 4H-SiC p-n diodes formed on 4 • misoriented (0001) substrates is computationally analyzed by etching the SiC surface to form a 4 • miscut in order to separate the known effects of asymmetric nature of impact ionization [10] and asymmetric aluminum concentration contours [11] . Section II briefly introduces a recent study on a non-uniform avalanche phenomenon in such p-n diodes [12] . The experimental conditions, including those not disclosed in [12] but are necessary for process simulation, are described. Section III explains the procedure for one-and twodimensional process simulation, which includes Monte Carlo simulation of aluminum implantation. Section IV explains the procedure for two-dimensional device simulation and compares simulated and experimentally measured breakdown voltage V B . Section V summarizes the results.
II. EXPERIMENTAL CONDITIONS FOR FABRICATING THE REPORTED FFR-TERMINATED P-N DIODES
A schematic cross section of the reported FFR-terminated 4H-SiC p-n diodes [12] is shown in Fig. 1 . The diodes were fabricated on two 3-in 4H-SiC epitaxial wafers (with a 30-μm-thick drift layer) and doped with nitrogen donor at N D of 3.2 × 10 15 cm −3 . The 4H-SiC substrates, the surface of which was misoriented by 4 • ± 0.5 • from (0001) toward the [1120] direction, had a thickness of 350 ± 25.4 μm and a resistivity of 0.015 − 0.025 cm. An ellipsoidal p-type anode, the major axis of which was parallel to the <1100> direction, and 5-μm-wide FFR were simultaneously formed by the following four-fold aluminum implantation at room temperature: 145keV/1.0 × 10 14 cm −2 , 95keV/3.5 × 10 13 cm −2 , 60keV/3.0 × 10 13 cm −2 , and 35keV/1.5 × 10 13 cm −2 .
Note that the sequence of multiple-energy aluminum implantations into 4H-SiC has an influence on aluminumion channeling [13] . An analytical model based on two-dimensional Monte Carlo simulation of aluminum implantation in an increasing energy order was previously proposed [4] . Increasing energy order was used because it was necessary to maximize lateral channeling of aluminum ions in order to determine the maximum dose at which the model can be applied. In the case of 4H-SiC junction-barrier Schottky diodes, on the other hand, twodimensional Monte-Carlo simulation of aluminum implantation started from medium energy (95 keV) [11] because the diodes were experimentally fabricated by using this energy sequence starting from medium energy. In contrast, in this study, decreasing energy order was employed to minimize the non-uniformity caused by the aluminum-ion channeling [13] .
As shown in Fig. 1 , spacing (d) between the edge of the p-type area and the inner edge of a corresponding FFR was varied from 1.5 to 4.0 μm. Nitrogen-implanted channelstop regions grounded the field area away from the diodes. After the implants were activated with a 1700 • C anneal, the surface was passivated with dry oxidation. As front-side and backside Ohmic electrodes, titanium and nickel contacts were formed, respectively.
As presented in [12] , at avalanche breakdown, all 108 of the fabricated diodes emitted light on the [1120] side of the anode. According to Ono et al. [14] , luminescence at breakdown of 4H-SiC p-n diodes is attributable to band-to-band transition, interband transition, and Bremsstrahlung (braking radiation) by hot carriers in a Coulomb field of charged impurities. It has to be mentioned here that non-uniform light emission at avalanche breakdown in 24 FFR-terminated Schottky-barrier diodes was also observed [15] ; however, the crystallographic orientation relationship was not described in [15] . The numerical-analysis methodology described in the following should be able to contribute to identify the cause of such non-uniform avalanche phenomena observed in 4H-SiC p-n diodes. 
III. PROCESS SIMULATION
In a commercial process simulator, such as Sentaurus Process [8] and ATHENA [9] , two-dimensional Monte Carlo simulation can be carried out for aluminum implantation into misoriented (0001). However, the surface orientation is changed to on-axis (0001) when the results of process simulation are migrated to the corresponding commercial device simulator, i.e., Sentaurus Device [8] and ATLAS [9] . The present authors therefore etched 4H-SiC (0001) surface to expose the experimentally used 4 • misoriented (0001) surface [ Fig. 2(a) ] in order to separate the known effects of asymmetric nature of impact ionization [10] and asymmetric aluminum concentration contours [11] . The sloped surface was then patterned with an 86 • angled 1.9-μm-thick SiO 2 mask. This angle was chosen to be the same as that determined from secondary-electron-microscopy observation of our samples [12] . The SiO 2 mask formation was followed by vertical aluminum ion implantation into the 4 • sloped surface [ Fig. 2 (b) and (c)].
One-and two-dimensional Monte Carlo simulation was carried out by using the Sentaurus Process v2013. 03 [8] , [16] , which uses the classical binary-collision approximation [17] , [18] . The four-fold aluminum implantations described in the previous chapter were simulated using 4 × 10 4 trajectories. The accuracy of one-dimensional simulation was confirmed by secondary-ion mass spectrometry observation (Fig. 3) ; the measured concentration-depth profiles agree well with those obtained by the one-dimensional Monte Carlo simulation.
The two-dimensional Monte-Carlo simulated isoconcentration contours of aluminum in the case of d of 1.5 μm are shown in Fig. 4 [19] , thereby qualitatively agreeing with the non-uniform light emission reported in [12] .
IV. DEVICE SIMULATION
After the aluminum implantation in the two-dimensional process simulation, the SiO 2 mask was removed. Then, the structure for the two-dimensional device simulation was completed by formation of anode and cathode electrodes and 1.2-μm-thick SiO 2 passivation with fixed charge (sheet density Q f ) at the SiO 2 /4H-SiC interface (Fig. 5) . Since the fabricated diodes were passivated with dry oxidation [12] , the sign of Q f should be positive [20] . In device simulation, an acceptor activation of 90% was assumed. Incomplete ionization was also taken into account by assuming an acceptor level of 0.19 eV [21] .
In Fig. 6 , the open circles and error bars, respectively, denote the mean value and standard deviation of V B measured at room temperature. The drift-layer specification (30m/3.2 × 10 15 cm −3 ) corresponds to 3.3 kV-class power devices terminated with several FFRs [22] . Since in this study, a single FFR was chosen for simplicity, breakdown voltage of about 800 V is reasonable. When d is 2.0 μm, 318 VOLUME 3, NO. 4, JULY 2015 the mean value of V B reached a maximum. This optimal d should correspond to the optimal spacing of the outermost ring in the case of multiple FFRs [23] . In Fig. 6 , the three lines show voltage simulated by assuming vectorial driving forces [8] (with anisotropic impact ionization coefficients α reported by Hatakeyama et al. [10] ) and by taking Q f as a parameter. Since the luminescence at breakdown was observed not in the [1120] but in the [1120] direction [12] , the simulated results are shown for the structure in Fig. 5(a) only. The simulated V B is less than half the measured V B , which is also the case with the V B simulated by assuming scalar driving forces (with isotropic α reported by Konstantinov et al. [24] ) [12] . These results indicate that the asymmetric nature of impact ionization [10] has little influence on the measured V B and that the asymmetric aluminum concentration contours in Fig. 4 are not accurate enough to reproduce the measured V B . On the basis of the accuracy of one-dimensional Monte Carlo simulation (Fig. 3) , the real R l is considered to be larger than the R l shown in Fig. 4 [19] . The accuracy of two-dimensional Monte-Carlo simulation thus needs to be improved.
As indicated by d where V B reaches a maximum in Fig. 6 , the fabricated p-n diodes are considered to have Q f of about 2 × 10 12 cm −2 . When Q f is 2 × 10 12 cm −2 , locations of the peak simulated impact ionization rate (R) at breakdown in the [1120] direction is shown in Fig. 7 . As shown in Fig. 7(b [1120] direction [structure in Fig. 5(a) ] is less than the simulated V B in the [1120] direction [structure in Fig. 5(b) ]. This result qualitatively explains the observed non-uniform luminescence at breakdown. 
V. DISCUSSION
The numerical-analysis methodology described above can be applied to other power devices and termination structures. Even unipolar devices, such as junction-barrier Schottky diodes and trench-gate metal-oxide-semiconductor fieldeffect transistors, often utilize p-n junctions both to control the electric-field distribution within the active region and to reduce electric-field crowding at the edges of the devices [19] .
As for termination structures, p-n junctions exist not only in FFRs [ Fig. 9(a) ] but also in a multiple-floating-zone JTE [ Fig. 9(b) ], a multiple-zone JTE [ Fig. 9(c)] , and a spacemodulated JTE [ Fig. 9(d) ]. The methodology demonstrated for a single FFR to include the effect of asymmetric straggling of implanted aluminum can be simply extended for multiple FFRs. Although the influence of surface misorientation is the largest for p + /n − junctions in FFRs, it will not be negligible for multiple p/n − junctions in multiplefloating-zone JTE, as well as for the outermost p/n − junction in a multiple-zone JTE and a space-modulated JTE.
In the case of a single JTE of 4H-SiC (0001) diodes, Hatakeyama et al. [25] and Hatakeyama [26] carried out device simulation by applying vectorial driving forces and anisotropic α. And they concluded that local breakdown near the [1120] edge of junction occurs due to the anisotropy in impact ionization coefficients of 4H-SiC. However, the JTE region they simulated was uniformly doped [25] , [26] , which is not the case with practically fabricated devices. The present study suggests that their conclusion needs to be re-examined with the anisotropy in implanted aluminum profiles.
VI. CONCLUSION
A numerical-analysis methodology for 4H-SiC power devices formed on misoriented (0001) substrates was proposed and applied for analyzing avalanche breakdown of FFR terminated p-n diodes. Due to the inexpedience of a fixed orientation of the (0001) surface in current commercial device simulators, the following two-dimensional process simulation was carried out to separate the effects 320 VOLUME 3, NO. 
